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(57) ABSTRACT

After planarization of a gate level dielectric layer, a dummy
structure is removed to form a recess. A first conductive
material layer and an amorphous metal oxide are deposited
into the recess area. A second conduct material layer fills the
recess. After planarization, an electrical antifuse is formed
within the filled recess area, which includes a first conductive
material portion, an amorphous metal oxide portion, and a
second conductive material portion. To program the electrical
antifuse, current is passed between the two terminals in the
pair of the conductive contacts to transform the amorphous
metal oxide portion into a crystallized metal oxide portion,
which has a lower resistance. A sensing circuit determines
whether the metal oxide portion is in an amorphous state
(high resistance state) or in a crystalline state (low resistance
state).
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REPLACEMENT-GATE-COMPATIBLE
PROGRAMMABLE ELECTRICAL ANTIFUSE

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 12/503,116 filed on Jul. 15, 2009 the
entire content and disclosure of which is incorporated herein
by reference.

BACKGROUND

[0002] The present invention relates to semiconductor
structures, and particularly to electrical antifuses that are
compatible with another semiconductor structure having a
replacement gate electrode and methods of manufacturing the
same.

[0003] Electrical fuses and electrical antifuses are used in
the semiconductor industry to implement array redundancy,
field programmable arrays, analog component trimming cir-
cuits, and chip identification circuits. Once programmed, the
programmed state of an electrical fuse or an electrical antifuse
does not revert to the original state on its own, that is, the
programmed state of the fuse is not reversible. For this reason,
electrical fuses and electrical antifuses are called One-Time-
Programmable (OTP) memory elements.

[0004] Programming or lack of programming constitutes
one bit of stored information in fuses or antifuses. The differ-
ence between fuses and antifuses is the way the resistance of
the memory element is changed during the programming
process. Semiconductor fuses have a low initial resistance
state that may be changed to a higher resistance state through
programming, i.e., through electrical bias conditions applied
to the fuse. In contrast, semiconductor antifuses have a high
initial resistance state that may be changed to a low resistance
state through programming.

[0005] Continuous advances in the semiconductor technol-
ogy oftentimes require changes in the material employed in
semiconductor structures. Of particular relevance is the
advent of a replacement gate electrode technology for field
effect transistors, which employs formation of a dummy gate
electrode priorto formation of source and drain regions. After
formation of a gate-level dielectric layer and subsequent pla-
narization, the material of the dummy gate is removed. Some
versions of the replacement gate technology enable formation
of a gate dielectric after removal of the dummy gate to avoid
high temperature treatment and consequent thermal decom-
position of the gate dielectric. Other versions of the replace-
ment gate technology formed gate conductors without replac-
ing a gate dielectric, which is formed before formation of the
dummy gate. In this case, multiple types of gate materials
may be employed for different devices for optimized perfor-
mance.

[0006] A challenge that the replacement gate technology
poses is formation of other devices without adding excessive
processing cost by sharing the same manufacturing process-
ing steps with field effect transistors as much as possible. OTP
memory elements are among such devices that are con-
strained in terms of processing sequences. Cost-effective and
reliable OTP memory elements that are compatible with
replacement gate technology are thus desired.

BRIEF SUMMARY

[0007] In one embodiment the present invention provides
an electrical antifuse that may be programmed by changing
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the resistance of an amorphous metal oxide plate formed at
the same level as replacement gate electrodes by passing
current through a conductive layer that contacts the amor-
phous oxide plate, and methods of manufacturing the same.

[0008] A dummy structure is formed over an insulator
structure embedded in a substrate at the time of formation of
a dummy transistor gate. After formation of source and drain
regions and a gate level dielectric layer, the dummy structure
is removed to form arecess area while simultaneously remov-
ing the dummy transistor gate. A first conductive material
layer and an amorphous metal oxide are deposited into the
recess area. A second conduct material layer fills the recess.
After planarization, an electrical antifuse is formed within the
filled recess area, which includes a first conductive material
portion, an amorphous metal oxide portion, and a second
conductive material portion. A pair of conductive contacts is
made to the first conductive material portion, and a conduc-
tive contact is made to the second conductive material por-
tion. To program the electrical antifuse, current is passed
between the two terminals in the pair of the conductive con-
tacts. The heat from the current crystallized the amorphous
metal oxide portion to transform it into a crystallized metal
oxide portion, which has a lower resistance. A sensing circuit
is employed to detect the level of resistance of the metal oxide
portion to determine whether the metal oxide portion is in an
amorphous state (high resistance state) or in a crystalline state
(low resistance state).

[0009] According to an aspect of the present invention, a
semiconductor structure is provided, which includes: a
dielectric layer located on a top surface of a semiconductor
substrate; and an electrical antifuse located within a recessed
area in the dielectric layer, wherein the electrical antifuse
includes: an inner conductive material portion; a dielectric
metal oxide portion laterally abutting and enclosing the inner
conductive material portion; and an outer conductive material
portion laterally abutting and enclosing the dielectric metal
oxide portion, wherein the outer conductive material portion
is separated from the inner conductive material portion by the
dielectric metal oxide portion.

[0010] In one embodiment, the semiconductor structure
further includes: a pair of conductive contacts located directly
on the outer conductive material portion; a semiconductor
device configured to provide electrical current through one of
the pair of conductive contacts, the outer conductive material
portion, and the other of the pair of conductive contacts; and
another conductive contact located directly on the inner con-
ductive material portion.

[0011] According to another aspect of the present inven-
tion, a method of forming a semiconductor structure is pro-
vided, which includes: forming a dummy structure on a semi-
conductor substrate; forming a dielectric layer over the
dummy structure and planarizing the dielectric layer; remov-
ing the dummy structure and forming a recessed area within
the dielectric layer; and forming an electrical antifuse within
the recessed area, wherein the electrical antifuse includes: an
inner conductive material portion; a dielectric metal oxide
portion laterally abutting and enclosing the inner conductive
material portion; and an outer conductive material portion
laterally abutting and enclosing the dielectric metal oxide
portion, wherein the outer conductive material portion is
separated from the inner conductive material portion by the
dielectric metal oxide portion.

[0012] According to yet another aspect of the present
invention, a method of operating an electrical antifuse is
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provided, which includes: providing an electrical antifuse
including: an inner conductive material portion; a dielectric
metal oxide portion laterally abutting and enclosing the inner
conductive material portion and including an amorphous
dielectric metal oxide material; and an outer conductive mate-
rial portion laterally abutting and enclosing the dielectric
metal oxide portion, wherein the outer conductive material
portion is separated from the inner conductive material por-
tion by the dielectric metal oxide portion; and passing elec-
trical current through the outer conductive material portion,
whereby heat from the outer conductive material portion
transforms an amorphous state of the dielectric metal oxide
portion into a crystalline state.

[0013] In one embodiment, the method further includes
measuring electrical current or voltage differential across the
dielectric metal oxide portion between the inner conductive
material portion and the outer conductive material portion,
whereby resistance of the dielectric metal oxide portion is
measured.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0014] FIG. 1 is a vertical cross-sectional view of a first
exemplary semiconductor structure after formation of
dummy structures according to a first embodiment of the
present invention.

[0015] FIG. 2 is a vertical cross-sectional view of the first
exemplary semiconductor structure after deposition of a gate
level dielectric layer and planarization according to the first
embodiment of the present invention.

[0016] FIG. 3 is a vertical cross-sectional view of the first
exemplary semiconductor structure after removal of an upper
portion of the dummy structures according to the first
embodiment of the present invention.

[0017] FIG. 4 is a vertical cross-sectional view of the first
exemplary semiconductor structure after deposition of a first
conductive material layer according to the first embodiment
of the present invention.

[0018] FIG. 5 is a vertical cross-sectional view of the first
exemplary semiconductor structure after deposition of a
dielectric metal oxide layer according to the first embodiment
of the present invention.

[0019] FIG. 6 is a vertical cross-sectional view of the first
exemplary semiconductor structure after lithographic pat-
terning of the dielectric metal oxide layer according to the
first embodiment of the present invention.

[0020] FIG. 7 is a vertical cross-sectional view of the first
exemplary semiconductor structure after deposition of a pla-
narization dielectric layer according to the first embodiment
of the present invention.

[0021] FIG. 8 is a vertical cross-sectional view of the first
exemplary semiconductor structure after patterning of the
planarization dielectric layer according to the first embodi-
ment of the present invention.

[0022] FIG. 9 is a vertical cross-sectional view of the first
exemplary semiconductor structure after deposition of a sec-
ond conductive material layer according to the first embodi-
ment of the present invention.

[0023] FIG.101is a vertical cross-sectional view of the first
exemplary semiconductor structure after planarization of the
second conductive material layer and the planarization
dielectric layer according to the first embodiment of the
present invention.
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[0024] FIG. 11 is a vertical cross-sectional view of the first
exemplary semiconductor structure after formation of a con-
tact level dielectric layer and conductive contacts according
to the first embodiment of the present invention.

[0025] FIG. 12 is a horizontal cross-sectional view of the
first exemplary semiconductor structure of FIG. 11 along the
plane X-X" according to the first embodiment of the present
invention.

[0026] FIG. 13 isavertical cross-sectional view of a second
exemplary semiconductor structure after formation of a pla-
narization dielectric layer according to a second embodiment
of the present invention.

[0027] FIG. 14 is a vertical cross-sectional view of the
second exemplary semiconductor structure after patterning of
the planarization dielectric layer according to the second
embodiment of the present invention.

[0028] FIG. 15 is a vertical cross-sectional view of the
second exemplary semiconductor structure after formation of
a dielectric metal oxide layer according to the second
embodiment of the present invention.

[0029] FIG. 16 is a vertical cross-sectional view of the
second exemplary semiconductor structure after patterning of
the dielectric metal oxide layer and the planarization dielec-
tric layer according to the second embodiment of the present
invention.

[0030] FIG. 17 is a vertical cross-sectional view of the
second exemplary semiconductor structure after formation of
a second conductive material layer according to the second
embodiment of the present invention.

[0031] FIG. 18 is a vertical cross-sectional view of the
second exemplary semiconductor structure after planariza-
tion of the second conductive material layer according to the
second embodiment of the present invention.

[0032] FIG. 19 is a vertical cross-sectional view of the
second exemplary semiconductor structure after partial
removal of the second conductive material layer according to
the second embodiment of the present invention.

[0033] FIG. 20 is a vertical cross-sectional view of the
second exemplary semiconductor structure after formation of
a contact level dielectric layer and conductive contacts
according to the second embodiment of the present invention.
[0034] FIG. 21 is a horizontal cross-sectional view of the
second exemplary semiconductor structure of FIG. 20 along
the plane Y-Y' according to the second embodiment of the
present invention.

[0035] FIG. 22 is a schematic wiring diagram for a pro-
grammable electrical antifuse circuit that includes an electri-
cal antifuse of the present invention, a device for supplying a
programming current, and a sensing circuit.

DETAILED DESCRIPTION

[0036] As stated above, the present invention relates to
electrical antifuses that are compatible with another semicon-
ductor structure having a replacement gate electrode and
methods of manufacturing the same, which are now described
in detail with accompanying figures. It is noted that like and
corresponding elements mentioned herein and illustrated in
the drawings are referred to by like reference numerals.

[0037] FIG. 1 is a vertical cross-sectional view of a first
exemplary semiconductor structure after formation of
dummy structures according to a first embodiment of the
present invention. The first exemplary semiconductor struc-
ture includes a prototype field effect transistor and a prototype
structure for forming an electrical antifuse of the present
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invention. The prototype field effect transistor and the proto-
type structure are located on a semiconductor substrate 8,
which may be a bulk substrate, a semiconductor-on-insulator
(SOI) substrate, or a hybrid substrate including a bulk portion
and an SOI portion. While the present invention is described
with an SOI substrate, equivalent embodiments employing
other types of substrates are also contemplated herein.
[0038] The semiconductor substrate 8 includes a handle
substrate 10, a buried insulator layer 20, and a top semicon-
ductor layer 30. The top semiconductor layer 30 includes at
least one semiconductor portion and a shallow trench isola-
tion structure 32, which complimentarily fill the top semicon-
ductor layer 30. The semiconductor portion contains a semi-
conductor material such as silicon, a silicon containing alloy,
a germanium containing alloy, a III-V compound semicon-
ductor, or a II-IV semiconductor. Preferably, the semiconduc-
tor portion within the top semiconductor layer 30 is single
crystalline. The shallow trench isolation structure 32 com-
prises a dielectric material and provides electrical isolation
between semiconductor devices formed on the top semicon-
ductor layer 30.

[0039] The prototype field effect transistor and the proto-
type structure are formed employing methods known in the
art. For example, a stack of a high dielectric constant (high-k)
material layer and a metal layer may be formed on a top
surface of the semiconductor substrate 8. The high dielectric
constant material layer comprises a high-k dielectric mate-
rial, which comprises a dielectric metal oxide having a dielec-
tric constant that is greater than the dielectric constant of
silicon oxide of 3.9. The high-k dielectric material is also
known as high-k gate dielectric material in the art. The dielec-
tric metal oxide is a high-k material including a metal and
oxygen, and optionally nitrogen. For example, the high-k
dielectric material may comprise one of HfO,, Zr0O,, La,0;,
AlLO,, TiO,, SrTi0s;, LaAlO;, Y,0; HfON,, ZrON,,
La,ON,, ALON , TiO,N,, SrTiO,N,, LaAIO,N,, Y,O,N,,
a silicate thereof, and an alloy thereof. Each value of x is
independently from about 0.5 to about 3 and each value of'y
is independently from O to about 2.

[0040] The high dielectric constant material layer may be
formed by methods well known in the art including, for
example, a chemical vapor deposition (CVD), anatomic layer
deposition (PVD), molecular beam epitaxy (MBE), pulsed
laser deposition (PLD), liquid source misted chemical depo-
sition (LSMCD), etc. The thickness of the high dielectric
constant material layer 30 may be from about 2 nm to about
6 nm, and may have an effective oxide thickness on the order
of or less than 1 nm.

[0041] The metal layer is formed directly on the high
dielectric constant material layer, for example, by chemical
vapor deposition (CVD), physical vapor deposition (PVD),
atomic layer deposition (ALD), etc. The metal layer com-
prises a conductive metallic material which may be a metal, a
metal alloy, or a metallic nitride. For example, the metal layer
may comprise a material such as TaN, TiN, WN, TiAIN,
TaCN, other conductive refractory metallic nitrides, or an
alloy thereof. The conductive metallic material is also known
as metal gate material in the art. The thickness of the metal
layer 401, may be from about 5 nm to about 40 nm, and
preferably from about 7 nm to about 20 nm, although lesser
and greater thicknesses are also contemplated herein. The
composition of the metal layer may be selected to optimize
performance of semiconductor devices such as a threshold
voltage of a transistor employing a metal gate.
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[0042] A dummy material layer is then formed on the metal
layer. The dummy material layer comprises a material that
may be readily removed selective to other materials such as
the dielectric material to be subsequently employed for a gate
level dielectric layer. For example, the dummy material layer
may comprise a semiconductor material such as silicon, a
silicon containing alloy, a germanium containing alloy, a
1T1-V compound semiconductor, or a II-IV semiconductor.

[0043] The material stack of the dummy material layer, the
metal layer, and the high dielectric constant material layer is
lithographically patterned to form a first dummy structure and
a second dummy structure. The first dummy structure is pref-
erably formed on shallow trench isolation structure 32, and
includes a first dielectric material portion 40, a first metal
portion 42, and a first dummy material portion 41. The first
dummy structure (40, 42, 41) is the prototype structure for
forming the electrical antifuse of the present invention. The
second dummy structure is formed on the semiconductor
portion of the top semiconductor layer 30. The second
dummy structure includes a second dielectric material por-
tion 50, a second metal portion 52, and a second dummy
material portion 51. The second dummy structure (50, 52, 51)
forms a portion of the prototype field effect transistor of one
embodiment of the present invention.

[0044] Masked ion implantation steps are performed to
form source and drain regions 36 in the semiconductor por-
tion of the top semiconductor layer 32. Because the first
dummy structure serves as an implantation mask, the source
and drain regions 36 are aligned to the first dummy structure
(40, 42, 41). Typically, dielectric spacers are formed to offset
deep source and drain portions (portions of the source and
drain regions 36 having a greater depth, not separately
marked in FIG. 1) from source and drain extension regions
(portions of the source and drain regions 36 having lesser
depth, not separately marked in FIG. 1). The dielectric spac-
ers include a first dielectric spacer 62 formed directly on
sidewalls of the first dummy structure (40, 42, 41) and a
second dielectric spacer 64 formed directly on sidewalls of
the second dummy structure (50, 52, 51). The first and second
dielectric spacers (62, 64) may be formed by a conformal
deposition of a dielectric layer followed by an anisotropic
etch such as a reactive ion etch. The first and second dielectric
spacers (62, 64) comprise a dielectric material such as dielec-
tric oxide and dielectric nitride. For example, the first and
second dielectric spacers (62, 64) may comprise silicon
nitride, silicon oxide, or a combination thereof.

[0045] The first dielectric material portion 40 and the sec-
ond dielectric material portion 50 have the same thickness
and composition. The first metal portion 42 and the second
metal portion 52 have the same thickness and composition.
The first dummy material portion 41 and the second dummy
material portion 51 have the same thickness and composition.
The first and second dielectric spacers (62, 64) comprise the
same dielectric material and have the same lateral thickness
as measured at portions having a pair of substantially vertical
sidewalls.

[0046] The prototype field effect transistor includes the
second dielectric material portion 50, the source and drain
regions 36, and a body region 34, and a dummy gate elec-
trode. The second dielectric material portion 50 is a gate
dielectric of the prototype field effect transistor. The body
region 34 is a remainder of a semiconductor portion after
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excluding the source and drain regions 36. The dummy gate
electrode includes the second metal portion 52 and the second
dummy material portion 51.

[0047] Optionally but preferably, various metal semicon-
ductor alloys (not shown) may be formed to decrease contact
resistance to the source and drain regions 36. Methods of
forming various metal semiconductor alloys are known in the
art. In case the source and drain regions 36 comprises silicon,
the metal semiconductor alloy portions may comprises a
metal silicide such as such as nickel silicide (NiSi,), cobalt
silicide (Co81,), tantalum silicide (TaSi,), and titanium sili-
cide (TiSi,), tungsten silicide (WSi,), platinum silicide
(PtSi,) or alloys thereof, in which values of x may be typically
between 1 and 3.

[0048] Referring to FIG. 2, a gate level dielectric layer 60 is
deposited over the semiconductor substrate 8, the first and
second dummy structures (40, 42, 41, 50,52, 51), and the first
and second dielectric spacers (62, 64). The gate level dielec-
tric layer 60 is a dielectric layer that is formed in the “gate
level,” i.e., a level at which gate electrodes of field effect
transistors are formed. The gate level dielectric layer 60 may
comprise, for example, a CVD oxide. The CVD oxide may be
an undoped silicate glass (USG), borosilicate glass (BSG),
phosphosilicate glass (PSG), fluorosilicate glass (FSG),
borophosphosilicate glass (BPSG), organosilicate glass
(OSG or SiCOH dielectric), or a combination thereof. Alter-
nately, the gate level dielectric layer 60 may be a self-pla-
narizing material such as a spin-on glass (SOG) or a spin-on
low-k dielectric material such as SILK™.

[0049] The thickness of the gate level dielectric layer 60 is
greater than the height of the first and second dummy struc-
tures (40, 42, 41, 50, 52, 51), and may be from about 200 nm
to about 500 nm. Alternately, the gate level dielectric layer 60
may comprise an organosilicate glass (OSG) having a dielec-
tric constant value of less than 2.8.

[0050] The gate level dielectric layer 60 is preferably pla-
narized, for example, by chemical mechanical polishing
(CMP). Upper portions of the first and second dummy mate-
rial portions (41, 51) and the first and second dielectric spac-
ers (62, 64) may be removed during the planarization. The
first and second dummy material portions (41, 51) may pro-
vide an end point signal during the planarization process. At
the end of the planarization, a horizontal planar surface is
formed, on which the top surfaces of the first and second
dummy material portions (41, 51), the first and second dielec-
tric spacers (62, 64), and the gate level dielectric layer 60 are
exposed.

[0051] Referring to FIG. 3, the first and second dummy
material portions (41, 51) are removed selective to the gate
level dielectric layer 60 and the first and second dielectric
spacers (62, 64). In one case, the removal of the first and
second dummy material portions (41, 51) is selective to the
first and second metal portions (42, 52). In another case, first
and second metal portions (42, 52) are removed selective to
the first and second dielectric material portions (40, 50).
Alternately, the first and second dielectric material portions
(40, 50) may be removed and equivalent or functionally supe-
rior dielectric material portions comprising another high
dielectric constant material may be formed. Thus, a first
recessed area is formed over the first dielectric material por-
tion 40 and/or the first metal portion 42 within the gate level
dielectric layer 60. Likewise, a second recessed area is
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formed over the second dielectric material portion 50 and/or
the second metal portion 52 within the gate level dielectric
layer 60.

[0052] Referring to FIG. 4, a first conductive material layer
44[, is formed on exposed surfaces of the first exemplary
semiconductor structure including the top surface of the gate
level dielectric layer 60, the top surfaces and sidewall surfaces
of'the first and second dielectric spacers (62, 64), and the top
surfaces of the first and second metal portions (42, 52) or the
first and second dielectric material portions (40, 50) within
the recesses areas. The first conductive material layer 441
comprises a conductive material such as a metal, a conductive
metallic nitride, or a combination thereof. For example, the
first conductive material layer 441. may comprise a conduc-
tive metallic nitride such as TiN, TaN, WN, or a combination
thereof. The thickness of the first conductive material layer
441, may be from 5 nm to 50 nm, although lesser and greater
thicknesses are also contemplated herein. The first conduc-
tive material layer 441, may be formed, for example, by
chemical vapor deposition (CVD), physical vapor deposition
(PVD), atomic layer deposition (ALD), etc.

[0053] Referring to FIG. 5, a dielectric metal oxide layer
461" is formed directly on the first conductive material layer
44[.. The dielectric metal oxide layer 461" includes a dielec-
tric metal oxide material having different resistivity between
anamorphous state and a crystallized state. While most amor-
phous dielectric metal oxide materials have a high resistivity
on the order of 1.0x10"* Ohm-cm in an amorphous state,
crystalline dielectric metal oxide materials have lesser resis-
tivity, or greater conductivity, than the amorphous dielectric
metal oxide materials having the same composition. Such
change in the resistivity of the dielectric metal oxide materials
may be greater than a factor of 3, and in some cases, may be
greater than one order of magnitude (a factor of 10). Non-
limiting examples of the dielectric metal oxide material that
may be employed in the present invention include titanium
oxide, zirconium oxide, tantalum oxide, and niobium oxide.
[0054] The material of the dielectric metal oxide layer 461
is deposited in an amorphous state. The dielectric metal oxide
layer 46L.' may be formed by methods well known in the art
including, for example, chemical vapor deposition (CVD),
atomic layer deposition (PVD), molecular beam epitaxy
(MBE), pulsed laser deposition (PLD), liquid source misted
chemical deposition (LSMCD), etc. The thickness of the
dielectric metal oxide layer 461.' may be from 1 nm to 50 nm,
and preferably from 2 nm to 10 nm, although lesser and
greater thicknesses are also contemplated herein.

[0055] Referring to FIG. 6, the dielectric metal oxide layer
461 is patterned to form a patterned dielectric metal oxide
layer 46 that is present over the first dielectric material portion
40, while the patterned dielectric metal oxide layer 46 is not
present over the second dielectric material portion 50. Litho-
graphic patterning may be performed employing a first pho-
toresist 57. In this case, the first photoresist 57 is patterned to
mask the dielectric metal oxide layer 46L.' over the first recess
area above the first dielectric material portion 40, while
exposing the dielectric metal oxide layer 461" over the second
recess area above the second dielectric material portion 50.
An isotropic etch or an anisotropic etch is employed to
remove the exposed portions of the dielectric metal oxide
layer 461 selective to the first conductive material layer 441
employing the first photoresist 57 as an etch mask. The first
photoresist 57 is subsequently removed, for example, by ash-
ing.
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[0056] Referring to FIG. 7, a second dielectric layer 69 is
formed directly on the first conductive material layer 44 and
the patterned dielectric metal oxide layer 46, which is a
remaining portion of the dielectric metal oxide layer 46. The
second dielectric layer 69 is a planarization dielectric layer,
i.e., a dielectric layer that is subsequently planarized. The
second dielectric layer 69 comprises a dielectric material that
may be planarized such as silicon oxide or silicon nitride. The
second dielectric layer 69 may, or may not, completely fill the
first or second recess area. The thickness of the second dielec-
tric layer 69 may be from 10 nm to 200 nm, although lesser
and greater thicknesses are also contemplated herein. The
second dielectric layer 69 may be formed, for example, by
chemical vapor deposition or spin coating.

[0057] Referring to FIG. 8, a second photoresist 77 is
applied over the top surface of the second dielectric layer 69
and is lithographically patterned to form openings in an area
in which deposition of metal is desired. An anisotropic etch is
performed employing the second photoresist 77 to remove the
exposed portions of the second dielectric layer 69 selective to
the patterned dielectric metal oxide layer 461, and the first
conductive material layer 44L.. At least a portion of the pat-
terned dielectric metal oxide layer 461 is exposed from
within the first recess area over the first dielectric material
portion 40. Further, at least a portion of the first conductive
material layer 44L. is exposed with the second recess area over
the second dielectric material portion 50. The second photo-
resist 77 is subsequently removed.

[0058] Referring to FIG. 9, a second conductive material
layer 48L. is formed within the first and second recessed areas
and above the top surface of the second dielectric layer 69.
The second conductive material layer 481, comprises a con-
ductive material such as a metal, a conductive metallic nitride,
ora combination thereof. For example, the second conductive
material layer 481, may comprise a conductive elemental
metal such as W, Ti, or Ta. The second conductive metal layer
48L. completely fills the first and second recesses at least up to
the level of the top surface of the first conductive layer 441
above the gate level dielectric layer 60. Typically, the thick-
ness of the second conductive material layer 48L is from 20
nm to 200 nm, although lesser and greater thicknesses are also
contemplated herein. The second conductive material layer
481, may be formed, for example, by chemical vapor deposi-
tion (CVD), physical vapor deposition (PVD), atomic layer
deposition (ALD), etc.

[0059] Referring to FIG. 10, the first exemplary semicon-
ductor structure is planarized to remove the material above
the top surface of the gate level dielectric layer 60. Thus, the
portion of the second conductive material layer 481 above the
top surface of the gate level dielectric layer 60, all of the
second dielectric layer 69, and the portion of the patterned
dielectric metal oxide layer 46L. above the top surface of the
gate level dielectric layer 60 are removed by planarization.
[0060] After planarization, the remaining portion of the
second conductive material layer 48L located above the first
dielectric material portion 40 and within the first recessed
area constitutes an inner conductive material portion 48. The
remaining portion of the patterned dielectric metal oxide
layer 461 within the first recessed area constitutes a dielectric
metal oxide portion 46. The remaining portion of the first
conductive material layer 441, within the first recessed area
constitutes an outer conductive material portion 44. The top-
most surface of the outer conductive material portion 44 is
substantially coplanar with the top surface of the gate level
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dielectric layer 60, the top surface of the dielectric metal
oxide portion 46, the top surface of the first dielectric spacer
62, and the top surface of the inner conductive material por-
tion 48.

[0061] An electrical antifuse 47 includes the inner conduc-
tive material portion 48, the dielectric metal oxide portion 46,
and the outer conductive material portion 44. The dielectric
metal oxide portion 46 laterally abuts and encloses the inner
conductive material portion 48. The outer conductive mate-
rial portion 44 laterally abuts and encloses the dielectric metal
oxide portion 46. The outer conductive material portion 44 is
separated from the inner conductive material portion 48 by
the dielectric metal oxide portion 46. The first metal portion
42 may be present directly beneath the bottom surface of the
outer conductive material portion 44. The first dielectric
material portion 40 is located beneath the outer conductive
material portion 44.

[0062] After planarization, the remaining portion of the
second conductive material layer 48L located above the sec-
ond dielectric material portion 50 and within the second
recessed area constitutes an inner gate conductor portion 58.
The remaining portion of the first conductive material layer
44[, within the second recessed area constitutes an outer gate
conductor portion 54. The topmost surface of the outer gate
conductor portion 54 is substantially coplanar with the top
surface of the gate level dielectric layer 60, the top surface of
the second dielectric spacer 62, and the top surface of the
inner gate conductor portion 58.

[0063] A field effect transistor includes the source and
drain regions 36, the body region 35, and the second dielectric
material portion 50, which functions as a gate dielectric, and
a gate conductor 57 that includes the inner gate conductor
portion 58 and the outer gate conductor portion 54. If gate
conductor also includes the second metal portion 52, if
present.

[0064] The inner gate conductor portion 58 and the inner
conductive material portion 48 have the same material, and
the outer gate conductor portion 54 and the outer conductive
material portion 44 have the same composition. The second
dielectric material portion 50 and the first dielectric material
portion 40 have the same composition.

[0065] Referring to FIGS. 11 and 12, a contact level dielec-
tric layer 80 is deposited over the top surfaces of the gate
conductor (52, 54, 58), the electrical antifuse (44, 46, 48), and
the gate level dielectric layer 60. The contact level dielectric
layer 80 is a dielectric layer formed in contact level, i.e., the
level that includes contact vias to devices. The contact level
dielectric layer 80 comprises a dielectric material, which may
be, for example, a CVD oxide. The CVD oxide may be an
undoped silicate glass (USG), borosilicate glass (BSG), phos-
phosilicate glass (PSG), fluorosilicate glass (FSG), boro-
phosphosilicate glass (BPSG), organosilicate glass (OSG or
SiCOH dielectric), or a combination thereof. Alternately, the
contact level dielectric layer 80 may be a self-planarizing
material such as a spin-on glass (SOG) or a spin-on low-k
dielectric material such as SILK™.

[0066] Various contact via holes are formed in the contact
level dielectric layer 80 and filled with metal to from various
contact vias. Specifically, a pair of conductive contacts 82B is
formed directly on the outer conductive material portion 44.
Further, another conductive contact 82A is formed directly on
the inner conductive material portion 48. Additional contact
vias 84 may be formed to provide electrical contact to other
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device components such as the gate conductor 57 and the
source and drain regions 36 of the field effect transistor.

[0067] Preferably, the first exemplary semiconductor struc-
ture includes a semiconductor device (not shown) configured
to provide electrical current through the outer conductive
material portion 44 of the electrical antifuse 47. In this case,
the electrical current flows from one of the pair of conductive
contacts 82B, through the inner conductive material portion
48, and then through the other of the pair of conductive
contacts 82B. When the electrical current is passed through
the inner conductive material portion 48, the amorphous
dielectric metal oxide material in the dielectric metal oxide
portion 46 is heated and transformed into crystalline dielec-
tric metal oxide material having lesser resistivity. Thus, the
electrical antifuse 47 of the present invention is programmed
by altering the microstructure of the dielectric metal oxide
portion 46 from an amorphous state to a crystalline state.
[0068] The state of the dielectric metal oxide portion 46
stores information on whether the electrical antifuse 47 is
programmed or not. To sense whether the electrical antifuse
47 is programmed or not, i.e., to sense whether the electrical
antifuse 47 stores “0” or “1,” electrical current is passed
through the another conductive contact 82A, the inner con-
ductive material portion 48, the dielectric metal oxide portion
46, the outer conductive material portion 44, and at least one
of'the pair of conductive contacts 82B. A sensing device (not
shown), which is configured to measure this electrical current
or the corresponding voltage differential across the electrical
antifuse 47, determines the state of the electrical antifuse 47
depending on the level of the electrical current or the voltage.
Preferably, the sensing device is also formed on the semicon-
ductor substrate 8. The sensing device may be any type of
sensing circuit such as a differential sensing circuit that com-
pares voltage differential or current relative to a reference
circuit including a reference element that provides a threshold
voltage drop or a threshold current for the purposes of sens-
ing.

[0069] Referring to FIG. 13, a second exemplary semicon-
ductor structure of the present invention is derived from the
first exemplary semiconductor structure of FIG. 4 by depos-
iting a second dielectric layer 75 directly on the first conduc-
tive material layer 44L. The second dielectric layer 75 is a
planarization dielectric layer, i.e., a dielectric layer that is
subsequently planarized. The second dielectric layer 75 com-
prises a dielectric material that may be planarized such as
silicon oxide or silicon nitride. The second dielectric layer 75
may, or may not, completely fill the first or second recess area.
The thickness of the second dielectric layer 75 may be from
10 nm to 200 nm, although lesser and greater thicknesses are
also contemplated herein. The second dielectric layer 75 may
be formed, for example, by chemical vapor deposition or spin
coating.

[0070] Referring to FIG. 14, the second dielectric layer 75
is patterned to expose a portion of the first conductive material
layer 441, within the first recess over the first dielectric mate-
rial portion 40 and another portion of the first conductive
material layer 441 within the second recess over the second
dielectric material portion 50. The patterning of the second
dielectric layer 75 may be effected employing a lithographi-
cally patterned photoresist (not shown) and an etch that
removes exposed portions of the second dielectric layer
employing the patterned photoresist as an etch mask. The
patterned photoresist is subsequently removed.
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[0071] Referring to FIG. 15, a dielectric metal oxide layer
461" is formed directly on exposed portions of the first con-
ductive material layer 441 and the second dielectric layer 75.
The dielectric metal oxide layer 46. may have the same
composition and thickness, and may be formed by the same
methods, as in the first embodiment.

[0072] Referringto FIG. 16, the dielectric metal oxide layer
461" and the second dielectric layer 75 are patterned, for
example, by employing lithographic methods and an etch. For
example, a photoresist 87 may be applied and lithographi-
cally patterned to cover an area including the first recessed
area, while exposing the rest of the area that includes the
second recessed area. Employing the photoresist 87 as an etch
mask, the exposed portions of the dielectric metal oxide layer
461" and the second dielectric layer 75 are removed selective
to the first conducive material layer 441.. The remaining por-
tion of the dielectric metal oxide layer 461" is herein referred
to as a patterned dielectric metal oxide layer 46. The photo-
resist 87 is subsequently removed.

[0073] Referring to FIG. 17, a second conductive material
layer 48L. is formed within the first and second recessed areas
and on the exposed surfaces of the patterned dielectric metal
oxide layer 461, the first conductive material layer 441, and
the second dielectric layer 75. The second conductive mate-
rial layer 48L. may have the same composition and thickness,
and may be formed by the same methods, as in the first
embodiment.

[0074] Referring to FIG. 18, the top surface of the second
exemplary semiconductor is planarized to remove the mate-
rial above the top surface of the second dielectric layer 75.
The portion of the second conductive material layer 481
above the top surface of the second dielectric layer 75 and the
portion of the patterned dielectric metal oxide layer 46L
above the top surface of the second dielectric layer 75 are
removed by planarization.

[0075] After planarization, the remaining portion of the
second conductive material layer 48L located above the first
dielectric material portion 40 and within the first recessed
area constitutes an inner conductive material portion 48. The
remaining portion of the patterned dielectric metal oxide
layer 461 within the first recessed area constitutes a dielectric
metal oxide portion 46. The remaining portion of the second
conductive material layer 48L located above the second
dielectric material portion 50 and within the second recessed
area constitutes a prototype inner gate conductor portion 58',
which extends outside the area of the second recessed area
and covers all areas outside of the inner conductive material
portion 48, the dielectric metal oxide portion 46, and the
second dielectric layer 75.

[0076] Referring to FIG. 19, the second dielectric layer 75
and an upper portion of the prototype inner gate conductor
portion 58' are removed, for example, by a recess etch or a
second planarization process. Further, the first conductive
material layer 44L. is patterned, for example, by employing a
patterned photoresist (not shown) and an etch that employs
the photoresist as an etch mask. The prototype inner gate
conductor portion 58' is removed from outside the second
recessed area above the second dielectric material portion 50.
The remaining portion of the prototype inner gate conductor
portion 58' constitutes an inner gate conductor portion 58.
The remaining portion of the first conductive material layer
44[, within the second recessed area constitutes an outer gate
conductor portion 54.
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[0077] The inner conductive material portion 48 and the
dielectric metal oxide portion 46 may, or may not, be recessed
during the etch or the planarization process depending on the
nature of the process employed to form the inner gate con-
ductor portion 58 and the outer gate conductor portion 54. A
remaining portion of the first conductive material layer 441,
constitutes an outer conductive material portion 44P. The
outer conductive material portion 44P includes a planar bot-
tom portion located beneath the dielectric metal oxide portion
46, a sidewall portion laterally abutting the dielectric metal
oxide portion 46, and a planar top portion located above the
top surface of the gate level dielectric layer 60.

[0078] Insome cases, the topmost surface of the outer con-
ductive material portion 44P may be substantially coplanar
with the top surface of the dielectric metal oxide portion 46
and the top surface of the inner conductive material portion
48. The topmost surface of the outer conductive material
portion 44P may be located above the top surface of the gate
level dielectric layer 60 and above the top surface of the first
dielectric spacer 62 by a distance that is equal to the thickness
of the planar top portion of the outer conductive material
portion 44P.

[0079] An electrical antifuse includes the inner conductive
material portion 48, the dielectric metal oxide portion 46, and
the outer conductive material portion 44P. The dielectric
metal oxide portion 46 laterally abuts and encloses the inner
conductive material portion 48. The outer conductive mate-
rial portion 44P laterally abuts and encloses the dielectric
metal oxide portion 46. The outer conductive material portion
44P is separated from the inner conductive material portion
48 by the dielectric metal oxide portion 46. The first metal
portion 42 may be present directly beneath the bottom surface
of'the outer conductive material portion 44P. The first dielec-
tric material portion 40 is located beneath the outer conduc-
tive material portion 44P.

[0080] A field effect transistor includes the source and
drain regions 36, the body region 35, and the second dielectric
material portion 50, which functions as a gate dielectric, and
a gate conductor that includes the inner gate conductor por-
tion 58 and the outer gate conductor portion 54. If gate con-
ductor also includes the second metal portion 52, if present.

[0081] The inner gate conductor portion 58 and the inner
conductive material portion 48 have the same material, and
the outer gate conductor portion 54 and the outer conductive
material portion 44P have the same composition. The second
dielectric material portion 50 and the first dielectric material
portion 40 have the same composition.

[0082] Referring to FIGS. 20 and 21, a contact level dielec-
tric layer 80 is deposited over the top surfaces of the gate
conductor (52, 54, 58), the electrical antifuse (44P, 46, 48),
and the gate level dielectric layer 60. The contact level dielec-
tric layer 80 may comprise the same material, and may be
formed by the same method, as in the first embodiment.

[0083] Various contact via holes are formed in the contact
level dielectric layer 80 and filled with metal to from various
contact vias. Specifically, a pair of conductive contacts 82B is
formed directly on the outer conductive material portion 44P.
Further, another conductive contact 82 A is formed directly on
the inner conductive material portion 48. Additional contact
vias 84 may be formed to provide electrical contact to other
device components such as the gate conductor (52, 54, 58)
and the source and drain regions 36 of the field effect transis-
tor.
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[0084] Preferably, the first exemplary semiconductor struc-
ture includes a semiconductor device (not shown) configured
to provide electrical current through the outer conductive
material portion 44P of the electrical antifuse (44P, 46, 48).
The electrical antifuse (44P, 46, 48) of the second embodi-
ment may be programmed and sensed in the same manner as
electrical antifuse of the first embodiment. The planar top
portion of the outer conductive material portion 44P facili-
tates formation of the pair of conductive contacts 82B by
providing a larger area for contact.

[0085] Referring to FIG. 22, a schematic wiring diagram
for a programmable electrical antifuse circuit is shown. The
schematic wiring diagram includes an electrical antifuse (44,
46, 48) of the first or second embodiment of the present
invention, a device for supplying a programming current, and
a sensing circuit. For example, the device for supplying a
programming current may include a power supply circuit and
an electrical switch to control the flow of current through the
outer conductive material portion 44 (or 44P in the second
exemplary semiconductor structure).

[0086] As discussed above, programming of the electrical
antifuse (44, 46, 48) is effected by passing electrical current
through the outer conductive material portion. Sensing of the
electrical antifuse (44, 46, 48) is effected by employing a
sensing circuit. The sensing circuit includes a device that is
configured to measure electrical current through the other
conductive contact 82A, the dielectric metal oxide portion 46,
and one of the pair of conductive contacts 82B. Specifically,
the electrical current or voltage differential across the dielec-
tric metal oxide portion 46 is measured between the inner
conductive material portion 48 and the outer conductive
material portion 44. Thus, the resistance of the dielectric
metal oxide portion 46 is measured during sensing. The state
of the electrical antifuse (44, 46, 48) is determined based on
the measured value of the electrical current or the voltage
differential across the dielectric metal oxide 46 by comparing
the measured value with a value generated by a reference
device.

[0087] While the invention has been described in terms of
specific embodiments, it is evident in view of the foregoing
description that numerous alternatives, modifications and
variations will be apparent to those skilled in the art. For
example, though the present invention is described with
exemplary structures including a field effect transistor and an
antifuse structure, the present invention may be practiced
without any field effect transistor. Accordingly, the invention
is intended to encompass all such alternatives, modifications
and variations which fall within the scope and spirit of the
invention and the following claims.

What is claimed is:

1. A semiconductor structure comprising:

a dielectric layer located on a top surface of a semiconduc-
tor substrate; and

an electrical antifuse located within a recessed area in said
dielectric layer, wherein said electrical antifuse
includes:

an inner conductive material portion;

a dielectric metal oxide portion contacting a bottom sur-
face and a sidewall surface of said inner conductive
material portion and laterally enclosing said inner con-
ductive material portion; and

an outer conductive material portion contacting a bottom
surface and a sidewall surface of said inner conductive
material portion and laterally enclosing said dielectric
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metal oxide portion, wherein said outer conductive
material portion is spaced from said inner conductive
material portion by said dielectric metal oxide portion.

2. The semiconductor structure of claim 1, further com-
prising:

a pair of conductive contacts located directly on said outer

conductive material portion; and

a semiconductor device configured to provide electrical

current through one of said pair of conductive contacts,
said outer conductive material portion, and the other of
said pair of conductive contacts.

3. The semiconductor structure of claim 2, further com-
prising another conductive contact located directly on said
inner conductive material portion.

4. The semiconductor structure of claim 3, further com-
prising a sensing device that is configured to measure electri-
cal current through said another conductive contact, said
dielectric metal oxide portion, and one of said pair of con-
ductive contacts.

5. The semiconductor structure of claim 1, wherein said
dielectric metal oxide portion comprises a material having
different resistivity between an amorphous state and a crys-
tallized state.

6. The semiconductor structure of claim 5, wherein said
dielectric metal oxide portion comprises a material selected
from titanium oxide, zirconium oxide, tantalum oxide, and
niobium oxide.

7. The semiconductor structure of claim 1, wherein said
outer conductive material portion comprises a conductive
metallic nitride, and wherein said inner conductive material
portion comprises an elemental metal.

8. The semiconductor structure of claim 1, further com-
prising a dielectric spacer embedded in said dielectric layer
and laterally abutting outer sidewalls of said outer conductive
material portion.

9. The semiconductor structure of claim 1, further com-
prising a field effect transistor located on said semiconductor
substrate, wherein said field effect transistor includes a gate
conductor includes an inner gate conductor portion compris-
ing a same material as said inner conductive material portion
and an outer gate conductor portion comprising a same mate-
rial as said outer conductive material portion.

10. The semiconductor structure of claim 9, wherein said
field effect transistor further comprises a gate dielectric,
wherein said electrical antifuse is located above a dielectric
material portion, wherein said dielectric material portion has
a same composition as said gate dielectric.

11. The semiconductor structure of claim 1, wherein a
topmost surface of said outer conductive material portion is
substantially coplanar with a top surface of said dielectric
layer, a top surface of said dielectric metal oxide portion, and
a top surface of said inner conductive material portion.

12. The semiconductor structure of claim 1, wherein said
outer conductive material portion includes a planar bottom
portion located beneath said dielectric metal oxide portion, a
sidewall portion laterally abutting said dielectric metal oxide
portion, and a planar top portion located above a top surface
of said dielectric layer.

13. A method of forming a semiconductor structure com-
prising:

forming a dummy structure on a semiconductor substrate;

forming a dielectric layer over said dummy structure and

planarizing said dielectric layer;
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removing a portion of said dummy structure and forming a

recessed area within said dielectric layer; and

forming an electrical antifuse within said recessed area,

wherein said electrical antifuse comprises:

an inner conductive material portion;

a dielectric metal oxide portion contacting a bottom
surface and a sidewall surface of said inner conductive
material portion and laterally enclosing said inner
conductive material portion; and

an outer conductive material portion contacting a bot-
tom surface and a sidewall surface of said inner con-
ductive material portion and laterally enclosing said
dielectric metal oxide portion, wherein said outer
conductive material portion is spaced from said inner
conductive material portion by said dielectric metal
oxide portion.

14. The method of claim 13, further comprising forming a
field effect transistor having a gate conductor, wherein said
gate conductor includes an inner gate conductor portion com-
prising a same material as said inner conductive material
portion and an outer gate conductor portion comprising a
same material as said outer conductive material portion.

15. The method of claim 13, further comprising:

forming a first conductive material layer within said

recesses area;

forming a dielectric metal oxide layer directly on said first

conductive material layer;

patterning said dielectric metal oxide layer; and

forming a second dielectric layer directly on said first con-

ductive material layer and a remaining portion of said

dielectric metal oxide layer.

16. The method of claim 15, further comprising:

patterning said second dielectric layer to expose at least a

portion of said remaining portion of said dielectric metal

oxide layer;

forming a second conductive material layer directly on said

second dielectric layer and said remaining portion of

said dielectric metal oxide layer; and

planarizing said second conductive material layer and said

second dielectric layer, wherein a remaining portion of
said second conductive material layer constitutes said
inner conductive material portion and a portion of said
dielectric metal oxide layer constitutes said dielectric
metal oxide portion.

17. The method of claim 13, further comprising:

forming a first conductive material layer within said

recesses area;

forming a second dielectric layer directly on said first con-

ductive material layer;

patterning said second dielectric layer to exposed at least a

portion of said first conductive material layer within said

recessed area;

forming a dielectric metal oxide layer directly on a portion

of said first conductive material layer and said second

dielectric layer;

forming a second conductive material layer directly on said

dielectric metal oxide layer and a portion of said first

conductive material layer; and

planarizing said second conductive material layer and a

portion of said dielectric metal oxide layer.

18. A method of operating an electrical antifuse compris-
ing:
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providing an electrical antifuse including:

an inner conductive material portion;

a dielectric metal oxide portion contacting a bottom
surface and a sidewall surface of said inner conductive
material portion and laterally enclosing said inner
conductive material portion and comprising an amor-
phous dielectric metal oxide material; and

an outer conductive material portion contacting a bot-
tom surface and a sidewall surface of said inner con-
ductive material portion and laterally enclosing said
dielectric metal oxide portion, wherein said outer
conductive material portion is spaced from said inner
conductive material portion by said dielectric metal
oxide portion; and

passing electrical current through said outer conductive
material portion, whereby heat from said outer conduc-
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tive material portion transforms an amorphous state of
said dielectric metal oxide portion into a crystalline
state.

19. The method of claim 18, further comprising measuring
electrical current or voltage differential across said dielectric
metal oxide portion between said inner conductive material
portion and said outer conductive material portion, whereby
resistance of said dielectric metal oxide portion is measured.

20. The method of claim 19, further comprising determin-
ing a state of said electrical antifuse based on a measured
value of said electrical current or said voltage differential
across said dielectric metal oxide by comparing said mea-
sured value with a value generated by a reference device.
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